The internal rotational surface of hydrogen trioxide has been calculated with the Hartree-Fock method using basis sets with and without polarization functions and optimizing all structural parameters. These calculations have been repeated at the level of Rayleigh-Schrodinger-M01ler-Plesset (RS-MP) perturbation theory in order to study the role of correlation effects on barrier values and structures. The relative energies as well as the computed geometrical parameters underline the importance of polarization functions. Although the intrapair correlation contributions significantly stabilize the planar conformations of H 2 0 J , the net effect of correlation effects on the conformational potential is moderate because of wellbalanced interpair contributions of opposite sign. As in the case of H 2 0 20 the correlation effect on the relative energies further decreases if the basis set is improved. On the other hand. reliable structural parameters can only be achieved at the RS-MP level by employing a large augmented basis. The calculated equilibrium RS-MP structural parameters of Hpj are: R (00)= 143.9 pm, R (OH) = 97.2 pm. a(OOO) = 106.30, I3(OOH) = 100.2', 0 = 78.1'. Bond angles and 00 bond lengths are strongly coupled to the rotational angles. A simultaneous rotation of both OH bonds is hindered by large barriers of 22.5 and 11.5 kcallmole. These potential maxima can be surrounded in a stepwise flip-flop rotation of the OH groups. The barriers of this rotational process turn out to be the saddlepoint energies (6.5 and 5.4 kcallmole) of the internal rotational surface. It is shown that a close relationship exists between the flipflop rotation of the geminal double rotor and the pseudorotation of five membered rings. Using the calculated conformational potential V(O Io 02)' the prediction is made that the envelope form of 1,2.3-trioxolane is more stable than the corresponding twist form.
I. INTRODUCTION
The simplest molecular double rotor is hydrogen trioxide, the third member of the homologous series of hydrogen polyoxides beginning with H 2 0 and H 2 0 2 • In recent years interest in hydrogen polyoxides has increased due to the positive identification of the long postulated species H 2 0 a and H 2 0 4 1 and the isolation of alkylated derivatives such as (CHa)aCOOOC(CHa)a2 andCFaOOOCF a . a In addition, H 2 0 a has been found to act as a hydroxylating agent in the superacid medium, thus opening new methods of organic synthesis. 4 Organic trioxides have been postulated to be intermediates in the ozonization of a variety of organic substrates. 5 Nevertheless, the extreme reactivity of H 2 0 a has prevented any deeper insight into its molecular structure and its conformational behavior. However, theory does not have to struggle with the limitations of experiment and can provide needed accurate data on H 2 0 a if the various effects of the type of theoretical model employed are carefully taken into consideration.
Apart from a more general chemical interest in H 2 0 a , the actual objectives of this study are threefold. First, we want to investigate changes in electronic structure due to the incorporation of an oxygen atom in the 00 linkage of hydrogen peroxide. Obviously, an accumulation of oxygen atoms in immediate or close vicinity leads to dramatic effects on structure, conformation, and stability which are normally explained by enhanced lone pair repulsion. This is related to the anomeric or rabbits-ear effect. 6 Secondly, a systematic evaluation of the conformational profile of H 2 0 a promises to provide a simple way to gain knowledge about the coupling mechanism between the individual rotors. Certainly, the electronic peculiarities of a rotating hydroxyl group influence the conformational tendencies of H 2 0 a . This has to be analyzed in order to come to more general conclusions concerning the rotation of double rotors. Finally, H 2 0 S provides a useful model compound for 1,2, 3-trioxolanes which have been postulated as intermediates in the ozonolysis of olefines . 7 Various predictions with regard to the conformation of these five membered rings have been made in order to explain the stereochemical course of the ozonolysis reaction. A complete knowledge of the conformational potential of H 2 0 S should be helpful in understanding the nature of 1,2, 3-trioxolanes.
So far, only three limited ab initio studies of H 2 0 S have been reported in the literature, 6-10 all of them at the Hartree-Fock (HF) level of theory. They employed small or medium sized basis sets of the minimal, 8.10 split valence 8 • 9 or double-zeta 9 type to describe the rotational minimum of the molecule. While Radom e t al . 8 used standard geometries in their calculation of H 2 0 a , IXlrtial optimization of the geometrical parameters has been undertaken by Azman et al. 10 (bond angles) and Newton et al. 9 (bond angles plus 00 distance). However, a complete structure determination at the HF level is still missing, not to speak of a systematic exploration of the conformational surface. Furthermore, the question of whether polarization functions play an equally important role in HF calculations on H 2 0 S as they do for H 2 0 2 has not been investigated previously. Also, no correlation corrected ab initio study of H 2 0 3 has been reported.
In order to deal with these questions we have calculated distinct points of the conformational surface with various basis sets ranging from the minimal STO-3G basis to an optimum scaled augmented basis of 67 contracted Gaussian type functions (GTF). In addition, the conformational surface has been explored as a function of two rotational angles using a 60° grid. For each H 2 0 3 conformation all geometrical parameters have been optimized. This procedure has been repeated with the Rayleigh-Schrodinger (RS) perturbation theory in order to correct energies and structures for possible correlation errors.
In Sec. III, the results of our ab ini tio calculations are discussed with regard to the predictions of various simple molecular orbital (MO) models of H 2 0 3 • In Sec. IV, the computed structural and conformational details of H 2 0 3 are compared with those of H 2 0 2 • Sections V and VI deal with the basis set and correlation effects found for the various conformations of H 2 0 3 • Next, the form of the internal rotational potential is analyzed in Sec. VII, using various Fourier expansions. In Sec. VIII, possible modes of internal rotation are investigated with the aid of the computed energy contour map. A comparison with the pseudorotation of five membered rings is made. In specific, a parallel is drawn between the conformational tendencies of H 2 0 3 and 1,2, 3-trioxolane. Finally, in Sec. IX, common features of the conformational behavior of X(OY)2 molecules are discussed.
II. COMPUTATIONAL DETAILS
As in the first paper of this series 23 we have used standard restricted Hartree-Fock (RHF) theory for closed shell molecules. 11 In order to make an assessment of the true HF energy of H 2 0 3 the augmented (9s5P Id/4s1p) [ 4s3p Id/2s1p] Tables I and II summarize RHF energies and structures of seven distinct H 2 0 3 conformations which are located at minima, maxima, and saddle points of the twodimensional E(8 1 , 8 2 ) surface. For all basis sets considered, the planar forms with syn-periplanar (sp) or antiperiplanar (ap) OH groups correspond to conformational maxima while those conformations with at least one OH "Geometrical parameters obtained with basis C have been used. The effect of rescaling23 amount!> to 0.00277 (GMIN), 0.00287 (GMAX), and 0.00429 hartree (LMAXI). bSaddlepoint energies have been approximated for basis A and B, by setting 9 1 (SI) = 0° and 9 2 (S2) = 180°, respectively, and optimizing the remaining geometrical parameters. In the case of the basis C, the rotational angles have been taken from the Fourier analysis described in Sec. Vil. is taken to be the energy of the (og, og) form which sits at the global minimum (GMlN) of the conformational surface. A second point of low energy can be found for the (+ og, -og) conformation representing a local minimum (LMlN) of E(1l 1 , Il z ). A global maximum (GMAX) and two local maxima (LMAXI and LMAX2) of the conformational surface result from the (sp, sp), the (ap, ap), and the (sp, ap) conformation, respectively. Finally, the saddlepoints 51 and 52 are occupied by the (sp, + og) and (+ og, ap) forms of the HZ03 molecule. Because of the C 2v symmetry of the potential surface, each conformation shown in Fig. 1 To diminish lone pair repulsion between the 0 atoms, the free valences of the terminal o atoms point to the V direction. Hence, the OH bonds stand perpendicular to the 000 plane, being either on the same side or on opposite sides of the plane. A reduction of the H, H repulsion will lead to a preference of the (og,og) conformation (see Fig. 2 ). Those forms with two vicinal lone pairs in the same plane and the third in a plane perpendicular to the first one will be less favorable. Again, one can distinguish between a form with favorably low H, H repulsion, namely the (ap, + og) conformation, and one with higher H, H repulsion, namely the (sp, + og) conformation. A maximum of electron repulsion can be expected for those forms which have all oxygen lone pair orbitals perpendicular to the plane of the oxygen atoms. In this case, the energies will increase from the (ap, ap) to the (sp, sp) form according to a parallel increase of H, H repulsion.
With the aid of the simple bonding model used above, the relative stabilities listed in Table I are reproduced in a qualitative way. 20 In order to understand the structural details of H 2 0 g , the perturbational molecular orbital (PMO) theory is adopted. 21 The PMO analYSis of H 2 0 3 involves a dissection of the molecule into component fragments, then, the construction of group orbitals (GO) for each fragment and, finally, an examination of the key GO interactions which arise in the recombination process of the fragments. Hydrogen trioxide can be dissected into two fragments, namely OH and OOH. In turn, the OOH fragment can be further dissected into 0 and a second OH group. Thus, there are two fragmentation modes and two sets of fragmentation orbitals upon which the PMO analysis can be based. Those group orbitals which are of primary interest for a dissection into 0 and the (OH)2 group are schematically shown in Fig. 3 and rr! in the orthogonal conformation but not in the plana~+ H 2 0 3 forms. Hence, the conformational preference of skewed H 2 0 3 forms over planar forms is accounted for by the PMO approach. Furthermore, it predicts shorter 00 bond lengths for the orthogonal forms due to the additional overlap.
A similar result is obtained if the PMO analYSis starts from a dissection into OOH and OH fragments. In Fig.  4 , the GO's of hydroperoxyl and hydroxyl are depicted. They have been constructed from the corresponding H 2 0 2 and H 2 0 MO's by removing the is contributions of one H atom. The double-head arrows, also drawn in Fig. 4 , indicate those orbital interactions which become stabilizing (<1>6-cj>~, <1>7-<1>5' $8-<1>5' rb9-<1>~, rb9-rb~) or less destabilizing (cj>7-cj>~ and rb s -<1>4l if the OH bond rotates out of the plane of the hydroperoxyl fragment. 22 Additional stabilization of a (sp, +og) or (ap, +og) form of H 2 0 3 can result from interactions rb9-<1>~, and 1>6-<1>;
where positive overlap between the P y orbital of the centralO atom and the is orbital of the hydroxyl hydrogen are possible. Besides a shorter 00 bond length, a somewhat smaller OOH bond angle can be expected for the skewed forms.
Within the PMO approach, a distinction between the three planar forms is much more cumbersome since it requires reasonable estimates of overlap integrals and orbital energies for the analysis of almost a dozen possible interactions. Therefore, we refrain from a detailed PMO treatment, but utilize what is known from the quantum chemical study of hydrogen peroxide. 23 For example, the charge distribution in H 2 0 2 indicates that the large electronegativity of the oxygen atom gives rise to a considerable bond dipole moment which is directed from the H atom (positive end) to the 0 atom (negative end). In the case of H a 0 3 , we can describe the interaction of the two OR bond dipole momerits approximately by Eq. (1)24:
In Eq.
(1) the magnitude of the dipoles Ila and Ilb is determined by the charges on the 0 or H atoms and the distance 1 between these charges. The angles and distances are defined in Fig. 5 . The dipole-dipole interaction is large and destabilizing if the distance rib is relatively small and the difference T a -T b vani she s . The latter is true for the (sp, sp) and the (ap, ap) conformation, but not for the (sp,ap) conformation
The value of rib increases in the series (sp,sp), (sp,ap) and (ap, ap). Hence, the dipole -dipole interaction is highly unfavorable for the (sp, sp) form while the two other planar forms should be less destabilized, with the (sp, ap) form probably being slightly favored with regard to the (ap,ap) form. The destabilizing dipole-dipole interaction is further lowered if the OH bonds rotate in the (sc, sc), (og,og) or (ac, ac) pOSitions, thus enlarging the values of the difference T a -T b and of the distance rib' Compared with these conformations, the (+sc, -sc), (+og, -og) and (+ac, -ac) forms should be less favorable because of lower values of r all and T a -T h • :Similarly, one can predict that the (og, ap) form is more stable than the (sp,og) form because the latter should imply a larger dipole-dipole interaction.
The application of Eq. (1) not only leads to a relative ordering of conformational energies, but also explains themore open structures of those H 2 0 3 forms with strong dipole-dipole interactions. However, the variations in the 00 bond lengths during rotation can be better described by a second quantum chemical effect, namely the tendency of lone pair electrons to delocalize in an adjacent polar bond. This effect was first described by Altona et al. 25 and later formulated in a more general way by Pople and co-workers. 26 It should cause a decrease of the 00 bond length if the lone pair orbital of a terminal 0 atom is co-planar with the bond between the two other 0 atoms. This can happen in the orthogonal conformations, thus underlining the stability of these forms.
Usually, one refers to a third effect in order to analyze the behavior of alicyclic rotors. This is the concept of bond staggering which is also applied to molecules. with lone pair electrons. 27 The latter are thought to be localized in sp3 hybrid orbitals. Hence, rotational angles of Although the deviations from the perfectly orthogonal pOSitions of the OH bonds, especially in the saddlepoint conformations, may arise from the tendency of lone pair staggering, this effect is certainly far less important than dipoledipole interactions and lone pair delocalization.
IV. COMPARISON WITH H
The theoretical energies and conformations of H 2 0 3 listed in Tables I and II reveal its close relationship to hydrogen peroxide. Despite the Similarity of structural and conformational parameters, there exist some differences:
(1) The 00 bond lengths of H 2 0 s are shorter than that of Ha02 by 1-2 pm depending on the conformation considered. In the orthogonal conformations, lone pair delocalization into an 00 bond is certainly more effective than into an OH bond. This becomes fairly obvious if Altona's25 interpretation of this effect is adopted which is based on the mixing of one oxygen p orbital with the suitably oriented a* orbital of the OX bond (X = 0 or H).
As the o' 6H orbital is usually higher in energy than the 0' 60 orbital, orbital mixing will be more pronounced in H Z 0 3 than in HzO z . The consequences of this effect can be observed in the 00 bond lengths obtained for the saddie point conformations (Table II) . There, only one 00 bond strengthens while the other 00 bond is weakened due to the stronger participation of its cI' orbital in the bonding process. As this weakening is not counterbalanced by a similar effect involving the cI' orbital of the stabilized bond, the latter is shorter than those of the (+og, +og) form. Similarly, the longest 00 bonds are found for the saddle point conformations rather than for the planar forms as one could expect.
(2) While the lone pair orbitals of the terminal oxygen atoms ~re mainly involved in an interaction with the cI' orbital of the vicinal 00 bond, those of the central 0 atom can interact with the OH bond, provided the lone pair orbital and the OH bond are coplanar. Again, this leads to a decrease of the corresponding 00 bond and an increase of the OH bond length. It is not immediately clear why this effect should be larger for H 2 0 3 than for HzO z as suggested by the R(OH) values of 95.3 pm (HZ03 at equilibrium; RHF/basis C) and 94.6 pm (HaOa at equilibrium, RHF /basiS C). However, the equilibrium dihedral angles of 116 0 (HzOz) and 80 0 (H Z 0 3 ) indicate that the interaction of an ° lone pair orbital with the OH bond is stronger for H Z 0 3 because of geometrical reasons. Consequently, the OH bond lengths of HzO z and H 2 0 3 are almost the same for the planar forms where this effect should play no significant role.
(3) Comparing the relative energies of H 2 0 S and HzO z it becomes obvious that the barrier heights to internal rotation are not so strongly related as one could expect. The energy required to rotate HzOz from the equilibrium conformation in the syn form is about 9 kcal/mole (RHF / basis C). A similar conformational process, namely (og, og) -(sp,og), requires about 7 kcal/mole if the same level of RHF accuracy is used. The difference of 2 kcal/mole is rather low if one recalls the interactions between different pairs of atoms (H ••. H vs H '" 0) and different bonds (OH and (H vs OH and 00) for HzOz and H 3 0 Z ' Another 15 kcal/mole are necessary to bring HzO a to the (sp,sp) conformation where the large increase may result from strong H,H repulsion. However, if one analyzes the electron distribution in the (sp, sp) form with the aid of the Mulliken population values, it becomes obvious that the interaction between the H atoms is attractive, rather than repulsi ve. While the H, H overlap population is negligible or even antibonding in all other conformations, Significant bonding overlap characterizes the (sp, sp) form. This suggests the same kind of "aromatic" stabilization due to a-electron delocalization which was found for singlet dimethylcarbene. 28 Considering the atomic orbitals involved in the OH bonds as well as the in-plane lone pair orbital of the central 0 atom, then, a ring of five atomic orbitals can be formed which is closed by the H, H interaction. The assignment of six a-electrons to the three resulting bonding MO's will lead to some stabilization of the synperi planar arrangement displayed in the positive H, H over lap population.
The a-effect is partially offset by a destabilizing 1(-effect. Similar to the situation in the allyl anion, the planar HzOa molecule possesses three 1( molecular orbitals, bonding, nonbonding, and antibonding. Since six electrons occupy these MO 's the net effect leads to slightly destabilizing interactions between the ° atoms according to the computed 1( overlap populations. Additional destabilization, of course, results from highly unfavorable dipole -dipole interactions.
The energy which is necessary to rotate one OH bond from the orthogonal position in the antiperiplanar position amounts to 5 kcal/mole. It doubles if the second OH bond is brought in the same position. Since the same process for HzOz takes less than 1 kcal/mole (RHF /basis C)2S we can conclude that the trans arrangement of 00 and OH bonds in Hz03 is less stable by more than 4 kcal/ mole compared to HzO z . Probably, this is also caused by the unfavorable dipole-dipole interactions in the (ap, ap) and (ap, + og) forms of H Z 0 3 which are not present in trans H Z 0 2 •
V. BASIS SET EFFECTS
The data compiled in Tables I and IT indicate the basis set effects inherent in a RHF calculation of H Z 0 3 • In the case of HzOz only augmented basis sets of the double-t;-quality lead to a trans barrier to internal rotation, i. e. , small basis sets are insufficient to describe the stabilization of skewed H Z 02 relative to its trans form. This is also true for H Z 0 3 as the saddle point energy of 32 (Table I) increases by 2 kcal/mole from a minimal basis set calculation to an augmented basis set calculation. This basis set effect also occurs with other conformations of H Z 0 3 • For the all-trans arrangement of bonds in the (ap, ap) form, the increase of energy due to basis set enlargement is twice as large, namely 4 kcal/mole.
In contrast to HzO z , the energies of the syn-periplanar forms of HzOs increase with an improvement of the basis. The increase amounts to 1 kcal/mole forthe (sp, +og) conformation and 2 kcal/mole for the (sp, sp) conformation. Also, the basis set effects found for the (+ og, -og) and (sp, ap) forms are in line with energy increases of 1 and 2 kcal/mole for rotation in a syn-or antiperiplanar form. We conclude that polarization functions are of Similar importance for an accurate determination of the rotational barriers of H 2 0 S as they are for HzOz' With regard to the relative energies of the doubly augmented basis D, the same slight reduction of barrier heights exists as was found for H 2 0 Z ' Z3
The actual basis set dependence is best found in the computed structures (Table II) . The minimal STO-3G basis both underestimates the 00 bond distances and overestimates the OH bond distances as a consequence of insufficient charge separation along the OH bond. Furthermore, the rigidity of the STO-3G basis leads to bond and dihedral angles close to 90 0 • Both effects contribute to the low cis and trans barriers obtained with the minimal basis A.
The structures obtained from basis set B show significant improvements. Due to its split valence shell character, basis B gives a relatively large separation of charge in the OH bonds which is responsible for the increase of the 00 bond lengths, the decrease of the OH With basis C, the description of the OH bond polarity is over corrected by an increase of the OH overlap population. Consequently, a large augmented basis like C or D leads to bond distances shorter than the experimental equilibrium values. This is also true for H 2 0 2 23 and results from an insufficient description of left-right electron correlation at the HF level of theory. 29
VI. CORRELATION EFFECTS
In order to get an estimate of the correlation error we have repeated calculations with basis Band C at the RS-MP level of theory. RS -MP total energies, second order correlation energies, intra-and inter pair contributions as well as computed structures are summarized in Tables III, IV, and V. While the basis B barriers are slightly reduced with respect to the RHF values the contrary is true for the basis C barriers. The latter is consistent with the increase of barrier heights found for H 2 0 2 at the RS-MP level. 23 This increase results from a redistribution of charge from inner to outer shell regions due to the introduction of electron correlation. As a consequence, charge repulsion effects are somewhat larger, thus, leading to the higher barriers. It is interesting to note that the relative contributions of second order energies are about 1 kcal/mole smaller at the level of basis C than at level of basis B. Obviously, the ob servation 23 that correlation contributions to the H 2 0 2 barriers become negligible if the basis set approaches the HF limit, also holds for H 2 0 3 • In contrast to the total correlation energies, the intrapair and interpair portions (Table IV) significantly contribute to the relative conformational energies. The interpair correlation energy stabilizes the orthogonal forms while the intrapair energies favor the planar H 2 0 3 conformations. Using the actual form of the molecular orbitals and the calculated electron distribution, it can be deduced that the lone pair MO's of the orthogonal conformations span nearly the whole region of the molecule. Therefore, the interaction of the lone pairs and the bond pairs is large which is in line with the predictions of the PMO treatment of H 2 0 3 • However, in the planar forms, the lone pair MO's do not span as much of the molecule. Hence, interpair interactions become less important while intrapair correlations become significant. The small net effect of the correlation energies on the barriers results from the well-balanced contributions of inter-and intrapair terms. As a consequence, the relative conformational energies of H 2 0 3 can be determined at the HF level of theory with a reasonable degree of ac- aSee comment a in Table III. curacy. Although this finding is in line with similar observations made for HzO z , it does not necessarily suggest that the relative inter pair and intrapair contributions always cancel.
Unlike the barrier values, the computed RS-MP equilibrium structures of the seven H 2 0 3 conformations (TableV) clearly differ from the corre$ponding RHF results. For both basis B and basis C, the bond distances become longer while the bond angles are slightly reduced. The RS-MP method uses all doubly substituted determinants <p~J in the calculation of the second order energy16 including double excitations from 00 or OH bonding to 00 or OH antibonding molecular orbitals. This allows for left-right correlation of the bond electrons. The corresponding contributions to the correlation energy are significant if the basis set provides low -lying virtual orbitals with the right nodal properties in the bond region. For basis B, these conditions are not fulfilled. Only, if the bond lengths are substantially increased from their HF values, is the gap between bonding and antibonding 00 and OH MO's diminished and the contributions to the correlation energy ariSing from double excitations to 0-60' ~o, and 0-6H MO's become significant. Furthermore, the tendency of basis B to overestimate bond polarities influences the values of R(OO) and R(OH). As was already described for H 2 0 Z , 23 the inclusion of correlation effects causes a redistribution of charge from inner atomic to outer atomic regions. Consequently, charge repulsion is increased, thus leading to unreasonably long bond lengths of H Z 0 3 • To get reliable structural values an augmented basis like C is necessary which allows for sufficient left-right correlation of bond electrons. Any larger basis set than C should lead to a slight reduction of the bond lengths of In order to give some verification for these predictions we have augmented basis C with three p GTF's for hydrogen 15 and have repeated the structure optimization of the conformation of lowest energy at the RS-MP level. The energy thus obtained amounts to -226.11275 hartree including a second order correlation energy of -0.57421 hartree. The theoretical equilibrium parameters are: R(00)=143.9 pm, R(OH)=97.2 pm, a(OOO) =106.3°, I3(HOO) = 100.2°, and8=78.1°. It may be noted that the calculated value of R(OH) fits nicely in the series of theoretical OH bond lengths of Hp (95.7 pm), H 2 0 Z (96. 7 pm), and HO F (97. 2 pm) evaluated at the same level of accuracy. 30
VII. THE INTERNAL ROTATIONAL POTENTIAL
Since the principal aim of this work is the investigation of the internal rotational potential surface of H Z 0 3 , we have calculated the analytical form of E(8 1 , 8 2 ), For this purpose, a 60° grid was used covering the range -1800:s 8 1 , 8 2 :S + 180°. At each point, all bond lengths and bond angles have been optimized. In a first set of calculations, basis C was employed at the HF level of theory. Then, in a second set of calculations, the same conformations have been recalculated using basis C at the RS-MP level of theory. Again, all structural parameters have been optimized in order to get reliable predictions on correlation dependent changes of the conformational potential. The energies obtained in this way are listed in Table VI. The energy of GMIN is used as a reference, throughout. where m takes a finite value. The decomposition of the potential V into its Fourier components V k facilitates the interpretation of the rotational barriers as has been shown by Radom et al. 26 The success of this approach makes it desirable to develop the potential of a multi rotor in a similar way. In the case of H 2 0 3 , the dependence of Von the rotational angles e l and e 2 can be written as As in the case of a single rotor, the magnitude of the V kO terms illustrates the relative importance of dipole, hyperconjugative and bond staggering effect. According to the values of columns 1 and 2 of Table VII, the first and the second effect dominate the form of the potential while the influence of bond staggering is moderate. A similar observation can be made for the cross terms Vu which describe the coupling of the three electronic effects. Fourier coefficients like V Sl or V kS have been found negligible in all trial calculations, also indicating the reduced importance of bond staggering. On the other hand, the values of V lt , V zz , and VIZ are considerable arising from the influence of the dipole-dipole interactions, from the coupling between the hyper conjugative effects, and from the coupling between dipole and hyperconjugative effect. Since the interaction energy of two dipoles is proportional to cos( T a -T b) (see Eq. (1)) it seems reasonable to include a cos(8 1 + 8 z ) term in the Fourier expansion where the positive sign in the cosine argument results from the different definitions of Tb and 8 z (see Figs. 1 and 5) . However, the angle wa and Wb as well as the values of Il .. and Ilb' and the distance rah also vary with the rotational angles 8 1 and 8 z , thus leading to a more complicated dependence of the dipoledipole interaction energy on 8 1 and 8 2 than that which is provided by a single cosine term. Therefore the cosine and sine part of the cos(8 1 + 8 z ) are separated in Eq. (4) to improve the description of the rotational potential. 33 The positive Sign of Vii indicates that the (sp,ap) conformation is more stable than the other planar forms while the negative sign of VH indicates the preference of the (og,og) forms over the (og, -og) forms. The main features of the potential are reflected by the terms V IO ' V zo , and Vu while second order effects which decide on the exact energies and locations of minima and saddIe points can be extracted from the remaining terms of Eq. (4). The ~~ term, for example, leads to a stabilization of the saddlepoint conformations relative to the planar forms. Their location outside the 1st and 3rd but inside the 2nd and 4th quadrant of the 8 1 , 8 z coordinate system has to do with the negative sign of ~~ which also plays a role with regard to the position of GMIN and LMIN. An interplay of the negati ve ~~, the negative V 30 , and the positive VIZ causes a shift of GMIN to 8 values lower than 90° because all these terms favor the (sc, sc) forms. As for LMIN, these effects neutralize since V~~ stabilizes conformations close to 8 1 = 8 2 = 135° which are destabilized by the V 30 and V I2 term.
Although none of the VIZ or V Zl terms of Eq. (3) complies with the symmetry restriction on V (8 1 , 8 z ) ' the inclusion of a cross term VIZ proved to be necessary to give a satisfactory fit of the ab initio energies. It turned out that among the linear combinations of VIZ terms with the right symmetry, the terms (Vl~ + VW and -(V~~ + Vm are most important where the sine part provides an efficient differentiation between the C sand C z conformations of H z 0 3 • 33 Without loss of accuracy, the two V lZ components can be contracted to give the last term of Eq. (4).
Using the Fourier expansion V(8" ( 2 ), energy contour maps of the internal rotational potential of H 2 0 3 have been plotted. The RS-MP rotational surface is shown in Fig. 6 . One-dimensional sections out of this surface for 8 1 = 0°, 60°, 120°, and 180° are displayed in Fig. 7 . Both plots reflect the coupling between the OH rotors which is strongest for small rotational angles. For regions close to 180°, there appears to be some decoupling indicating similar dipole-dipole interactions for C s and C z conformations that are almost planar.
Before discussing Fig. 6 in more detail, we would like to stress the correspondence between RHF and RS-MP Fourier coefficients (columns 1 and 2, Table VII) . As was shown in Sec. VI, correlation effects change only slightly the barrier values due to the cancellation of intra-and interpair contributions.. Surprisingly, it turns out that this conclusion also holds for the complete conformational potential. Contour maps of the intra-and interpair portions of the correlation energy shown in Figs. 8 and 9 are nearly the negatives of each. The form of the contours are almost identical in both plots, except that the maxima of the intrapair energies correspond to the minima of the inter pair energies and vice versa. The location of these points is in line with our observation that the planar forms are stabilized by the intrapair contributions while the (og, og) and (og, -og) conformations are favored by the inter pair contributions. Their net effect widely cancels giving rise to correlation contributions to the potential of 1-2 kcal/mole as shown in the contour map of relative correlation energies in Fig. 10 . Although these values may decrease further with an improvement of the basis, two points can be made with regard to the dependence of correlation effects on the rotational angles. First, correlation effects are strongly coupled to 8 1 and 8 z • Secondly, the variation of the correlation energy is largest for conformational changes which preserve C 2 symmetry, i. e. , along the left-right diagonal of Fig. 10 , while it is relatively low for an internal rotation which preserves C. symmetry, i.e., along the right-left diagonal. This is in line with the observation already made for the total energies of H 2 0 3 and confirms that the electron rearrangement is more drastic for the symmetry retaining inversion of the (og, og) form than for the corresponding inversion of the (+og, -og) form. .... 
VIII. THE FLIP-FLOP ROTATION OF THE DOUBLE ROTOR
With the aid of the energy contour map of R 2 0 3 , various rotational modes can be discussed. Synchronous rotation of both OR groups of the stable (og, og) form, either dis rotatory or conrotatory, are prohibited by the large barriers at GMAX, LMAX1, and LMAX2. The two step rotations which are indicated by the dashed lines in Fig. 6 are more probable. They surround the con- formational maxima by following the energy valleys of the 8 1 , 8 z surface which start at GMIN and end at one of the saddlepoints Sl or S2.34
If the molecule follows the closed path encircling GMAX, the first step of the conformational process consists of the inward rotation of one OH bond. First, the saddlepoint Sl (6.5 kcal/mole) is passed and, then, the rotation proceeds down to the local minimum LMIN. In the second step, the other OH bond also rotates inward. Now, the symmetry equivalent of Sl is surmounted and, after rotation by almost 180 0 , the symmetry equivalent of GMIN is reached. Repetition of this flop-flop rotation brings the molecule back to the starting point of the conformational process, thus surrounding GMAX in a less energy consuming manner than any other possible inward rotation of the OH bonds.
There is another unique rotational path indicated in Fig. 6 . Following this path the HP3 molecule surrounds the local energy maximum LMAX1. We describe the corresponding conversion as an outward flip-flop rotation hindered by the height of the barrier point S2 (5.4 kcal/mole). The combination of an inward and outward flip-flop rotation can lead to a path which encircles LMAX2. This rotation is characterized by two barrier values, namely those of Sl and S2.
The energy variation along the inward and outward flip-flop rotational paths is displayed by the dashed lines in Fig. 7 . A twofold periodiCity can be observed for a complete rotation. We note that the barrier heights of a flip-flop rotation of HZ03 are lower by 1-2 kcal/mole) than the cis barrier of H Z 0 2 • At this point, it is interesting to compare the internal rotation of the double rotor HZ03 with the conformational processes possible in five membered rings. As one can see from Fig. 11 (sp, sp) form is equivalent to the planar five membered ring, the (+ og, -og) form to the envelope form, and the (+ og, og) form to the twist form. Correspondingly, the inversion of the twist conformation of the ring can be compared with the synchronous dis rotatory (inward) rotation of the (og, og) form of H Z 0 3 • The other conformational process found for five membered rings, namely pseudorotation, resembles the flip-flop rotational mode of HP3' This relationship is illustrated in Fig. 11 where various HZ03 conformations are drawn in a way to represent a five membered ring pseudorotating from one (og, -og) form to the other.
It is known that pseudorotation is energetically more favorable than an in version of the ring. 35 This has to do with the fact that during pseudorotation ring bonds, internal ring angles, and torsional angles periodically vary within certain limits with a phase shift of rr/5 while the inversion process causes a simultaneous change of all parameters taking extreme values in the planar form. We have investigated whether a similar connection applies to the rotational modes of H Z 0 3 • In Fig. 12 , a contour map of the 000 angle a of HZ03 is shown. The paths for the flip-flop rotations have been transferred fro m Fig. 6 . Similar plots for the ooH bond angles and the 00 bond lengths are given in Figs. 13 and 14. 36 Bond angles and 00 bond lengths are coupled to a large degree with the torsional angles 8 1 and 8 z • The contour maps nicely reflect the influence of the two dominating electronic factors. The variation of the bond angles occur in parallel with the changes of the dipole-dipole interactions. This is illustrated by both the direction of the central contour ellipses and the angle minimum in the vicinity of GMIN. The contour map of the 00 bond lengths is characterized by a twofold periodicity indicating that the variations of R(oo) are mainly caused by the hyperconjugative effect.
In view of the coupling between structural parameters and rotational angles, the predictions of a rigid rotor 148 pm for both rotational processes. During the flipflop rotation at least one 00 bond length is strengthened. However, the inversion process involves conformations with two unfavorably long 00 bond distances. These findings are consistent with the observations made for pseudorotation and stress the relationship of the conformational processes of a geminal double rotor and a five membered ring.
This relationship suggests using the 8 1 , 8 2 surface of H 2 0 3 for qualitative predictions concerning the conformational tendencies of 1,2, 3-trioxolanes. Apart from the fact that the hydrogens in H 2 0 3 are replaced by a CH 2 -CH 2 bridge and, hence, the bond polarities are slightly changed, it seems reasonable to expect Similar p,lectronic effects for both compounds. At first sight, the twist form of the trioxolane appears to be the conformation of lowest energy since it corresponds to the (sc, sc) form of H 2 0 3 • This conclusion has also been drawn by Blint and Newton. 9 A more detailed analysis of the situation is necessary if one recalls that the torsional angles of a puckered five membered ring are considerably smaller than 90°, varying from 0° to 40° around the ring. In the twist (C 2 ) conformation, the angles e 1 and 8 2 of the 000 moiety are rather small since the main torsion is around the CC bond. The reverse situation applies to the envelope (C s ) form of 1,2, 3-trioxolane. According to inspection of the model, torsional angles 8 of about 10° and about 40° seem appropriate for the tw ist and the envelope forms. Inserting these angle values in the V(e 1 , e 2 ) potential of H 2 0 3 it becomes obvious that the twist form should be less favorable than the envelope form of 1,2, 3-trioxolane. The stabilization of the latter is predicted to amount to 6-7 kcal/mole. Probably, this energy differ-ence will be reduced by -3 kcaI/mole because of unfavorable methylene group eclipsing in the envelope form. Consequently, we predict the envelope form to populate the minima of the conformational surface of 1,2, 3-trioxolane which should be characterized by a barrier to pseudorotation of 3-4 kcal/mole. An inversion of the envelope form should require about 7 kcaI/mole deduced from the energies of the (sp, sp) form of H Z 0 3 (22 kcaI/ mole) and a skewed form of HP3 (-15 kcaI/mole for 8 1 = -8 2 "" 40°). As these predictions are at variance with the calculations bf various other authors, 37 a computational verification will be given in the third paper of this series.
IX. Hz 0 3 -A PROTOTYPE FOR GEMINAL DOUBLE ROTORS
Considering H Z 0 3 as a prototype for geminal double rotors one can expect a similar rotational behavior for molecules of the type X(OY)2' In order to verify this assumption we have taken the results of theoretical studies of the internal rotational surface of methanediol 38 • 39 (X=CH z , Y=H), dimethoxymethane 39 (X=CH z , Y=CH 3 ), the phosphate anion 4o (X = POi, Y = H), and the dimethyl phosphate anion41 (X = PO;, Y = CH 3 ) from the recent literature. A fit of the conformational energies of these molecules to the Fourier expansion (4) leads to the V kl coefficients listed in Table VII. According to the computed standard deviations and correlation coefficients, the internal rotational potential of all these molecules is satisfactorly described by expansion (4). The best fit is obtained for the H z P04: molecule for which we calculate small or vanishing coupling terms Vw V zz , and VIZ' Also, a low dipole effect and a reduced hyperconjugative effect is signified by the values of VlO and V zo . This finding can be explained by the negative charge associated with the POi group of the molecule. It opposes the electron withdrawal from the H atoms, thus reducing the OH dipole moments independently from their rotational pOSitions. Accordingly, the dipole-dipole interactions do not play the important role as in the case of H Z 0 3 • The OH rotors are only weakly coupled which is illustrated by the nearly circular contours of the potential surface. Evidently, the small interactions between the rotating groups explain the success of Kollman's attempt to desc.ribe the internal rotational potential of H Z P0 4 with a small Fourier expansion, including just one coupling term. 40 For (CHs)zPO;, the dipole effect and the dipole-dipole interactions seem to have become larger. However, this increase can be caused by the rigid rotor model used for the double rotor. 41 Steric repulsion will be exaggerated in the crowded conformations of the molecule, thus leading to undue charge separations. The large Fourier coefficients of the rigid rotor potential of dimethoxymethane support this interpretation. Therefore, we refrain from a detailed discussion of these values.
In the case of the methanediol, the terms V IO and Vu nicely reflect the effects of the two basis sets. It is obvious that basis B leads to an exaggeration of the dipole effect which is in line with its tendency to overestimate bond polarities. Contrary to the other rotor molecules studied, the VIO coefficient is positive indicating a preference for a cis arrangement of bonds in the HO-CHz-O moiety over a trans arrangement. This is consistent with the assumption of two bond dipole moments both directed towards the oxygen atoms, thus being opposed in the cis form and reinforcing each other in the trans form. Two other conclusions can be drawn from the internal rotational potential of CHz(OH)z' First, the hyperconjugative effect is rather small which suggests that the interaction between the abo andP(O) orbitals is not as strong as the corresponding interaction found for H Z 0 3 • Secondly, the V 30 term indicates that bond staggering has become more important. The interplay of an increased value of I V 30 I and the positive sign of V 10 leads to a shift of the global minimum from the (og, og) form to the (sc, sc) form.
With the aid of the Vu coefficients of Table VII and Eq. (4), we have calculated the exact locations and energies of the saddlepoints of the CHz(OHh, CH z (OCH 3 )z, H Z P0 4 and (CH 3 }zP0 4 conformational surface. Apart from dimethoxymethane where the available ab initio data are not sufficient to describe the complete 8 1 , 8 z potential, we find that the flip-flop rotation of the geminal double rotors proves to be the energetically favored conformational process. The computed barriers are 5.2 (51, Basis B), 4.4 (52, Basis B), 3.8 (51, Basis C), and 3.4 kcal/mole (52, Basis C) for methanediol, 3.2 (51) and 3.3 kcaI/mole (52) for the monophosphate anion, and 4.3 (51) and 3.2 kcaI/mole (52) for the dimethyl phosphate anion. These barrier heights favorably compete with those of single rotors and underline the conformational flexibility of the double rotors.
X. CONCLUSIONS
The principal conclusions of this work may be summarized as follows:
(1) Accurate calculations on the conformational potential of H Z 0 3 require the inclusion of polarization functions in the basis set as well as a complete structure optimization. As in the case of the trans barrier of HzO z , an insufficient flexibility of the basis leads to an underestimation of the barriers to internal rotation by 1-2 kcaI/mole.
(2) Correlation effects have only a small influence on the relative energies of H 2 0 3 , although the intra pair and interpair contributions vary considerably with the rotational angles. Their low net effect results from an almost complete cancellation over the whole range of the conformational surface which is nicely shown by Fig. 8 and Fig. 9 . The influence of correlation decreases if the basis set is improved. Therefore, an accurate recording of the conformational potential of hydrogen trioxide is possible at the HF level of theory.
(3) On the other hand, the determination of the equilibrium structure of H Z 0 3 with the HF method appears to be problematic. If the split valence basis B is employed, reasonable structures are calculated. However, this resuit is fortuitous as it is caused by an overestimation of the bond polarities and an insufficient description of J. Chern. Phys .
• Vol. 69. No. 10. 15 November 1978 overlap. Calculations with the augmented basis C provide evidence that the HF method predicts an erroneous equilibrium structure characterized by short 00 bond lengths of -139 pm. The inclusion of left-right correlation of electrons in the theoretical model turns out to be mandatory to get a reliable structure of H Z 0 3 • We note that polarization functions both for the oxygen and the hydrogen atoms become even more important at the RS-MP level than at the HF level of theory.
(4) The conformational behavior of H Z 0 3 is dominated by the dipole and the hyper conjugative effect which have also been found to be important for HzO z . The relative stabilities of the various R Z 0 3 forms can be qualitatively interpreted on the basis of these electronic effects. Their interplay determines the coupling between the OR rotors.
(5) The internal rotational potential is satisfactorily described by the Fourier expansion in Eq. (4). The various V kl terms used in Eq. (4) allow a detailed analysis of the dependence of the electronic effects on the rotational angles. In addition, this potential facilitates the exploration of the internal rotational surface and provides reasonable estimates of the location of the saddie points and the steepest descent paths connecting saddlepoint and minimum conformations.
(6) According to the computed energies, the most favorable conversional process of R Z 0 3 corresponds to a two-step flip-flop rotation by which the molecules surrounds the energy maxima of the potential surface. We emphasize that the relative energies of the planar H Z 0 3 conformations are completely misleading with regard to the rotational flexibility of the molecule. An accurate determination of the barriers to internal rotation of a double rotor demands explicit knowledge of the saddlepoint energies of the potential. In the case of hydrogen trioxide, the actual barriers (6.5 and 5.4 kcal/mole) represent only a fraction of the relative energies of the planar molecular forms which populate the maxima of the rotational surface.
(7) It has been shown that the flip-flop rotation of geminal double rotors is comparable to the pseudorotation of five membered rings. This relationship has been used to predict the conformational tendencies of 1,2,3-trioxolanes. Applying the calculated H Z 0 3 potential, we expect the envelope form of the ring to be more stable by 3-4 kcal/mole than the twist form, the latter populating the barrier to pseudorotation. Our prediction is at variance with the results of various other quantum chemical investigations.
(8) We consider H 2 0 3 to be a prototype for geminal double rotors of the type X(OY)2' An analysis of the available ab initio calculations on methanediol, dimethoxymethane, the monophosphate anion, and its dimethyl derivative supports our view.
